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EXPERIMENTAL  INVESTIGATION OF HEAT-TRANSFER CHARACTERISTICS 

OF A  FILM-COOLED  PLUG  NOZZLE  WITH  TRANSLATING  SHROUD 

by  Francis C. Chenoweth  and  Arthur  Lieberman 

Lewis  Research  Center 

SUMMARY 

The  application of gaseous  film cooling to  the  surface of a plug nozzle was studied 
in the  Lewis  static  test  facility.  The model, a low-angle  conical plug, was 8. 5 inches 
(21.6  cm) in diameter, had a simulated iris primary  throat, an overall  design  pressure 
ratio of 26. 3, and a translating  cylindrical  shroud.  The  maximum  gas  temperature  was 
limited  to 1000° R (555 K). The  coolant  was  injected at three locations  along  the plug for 
plug cooling  and  between  the  primary  nozzle  and  external  shroud  for  shroud  cooling.  The 
data  are  compared with  the  Hatch-Papell  film-cooling  correlation  developed  for a flat 
plate  with no pressure  gradient in a subsonic  stream.  The  correlation  (modified  for  the 
plug geometry)  used  local  conditions  for  the  primary  stream  and  slot  conditions  for  the 
coolant.  The  data  generally  agreed  with  the  modified  Hatch-Papell  correlation.  The 
maximum  deviation  in  cooling  efficiency  from  the  correlation  was  about 0.42, but gen- 
erally  the  agreement was significantly  better  over  the  range of test variables. 

For all shroud  positions,  the  deviations in the  data  from  the  correlation  for plug 
surface cooling  could  generally  be  associated  with  gradients in the plug pressure  distri- 
butions. In general, it appears  that in regions of favorable  pressure  gradients  immedi- 
ately  downstream of a coolant  slot,  cooling  efficiencies  were  significantly  higher  than  the 
correlation  values. In regions of adverse  pressure  gradients  immediately  downstream of 
a coolant  slot,  cooling  efficiencies  were  less  than  the  correlation  values.  Also in regions 
of adverse  pressure  gradients  downstream of an  initially  favorable  pressure  gradient, 
losses in cooling  efficiency  were  particularly  abrupt. 

Increases in coolant-weight-flow  ratio  at  the  upstream  slot  result in small  in- 
creases in  cooling  efficiency as compared  to  the  same coolant-weight-flow  change at the 
downstream  slot  under  the  same  conditions of nozzle  flow.  The  wakes  from  the  plug  sup- 
port  struts  caused a large  drop in cooling  efficiency  with  the  coolant  slot  located up- 
s t ream of the  throat, but had less effect  with  the  slots  further aft. 

The  correlation  predicts  external  shroud  surface  temperatures  very well, except 
toward  the  shroud exit where  the  cooling  efficiency  levels off or increases due to  mzzle  
pressure  ratios which  caused  the  primary  stream  to  separate  from  the  shroud. 



INTRODUCTION 

In a continuing program  in  airbreathing  propulsion,  the  Lewis  Research  Center  is 
evaluating  various  nozzle  geometries  which are applicable  for  supersonic  cruise air- 
craft.  Plug  nozzles are receiving  considerable  emphasis  because  they  have  demonstra- 
ted  the  ability  to  provide good aerodynamic  performance  over a wide  range of flight con- 
ditions  (ref. 1). However,  the  cooling of a plug  nozzle is a significant  problem  because 
of the  immersion of the plug surface  in  the hot gas stream.  The  external  shroud, which 
is required  to  contain  the  internal  expansion a t  high  nozzle  pressure  ratios , also  re- 
quires cooling. 

Numerous  cooling  schemes  applicable  to  this  configuration  have  been  proposed  and 
are  discussed in reference 2. Among those  suggested  were  regenerative  cooling,  tran- 
spiration  cooling,  liquid  and  gaseous  film  cooling, as well as various  combinations of 
these  methods.  Gaseous  film  cooling  has  generally  been  used  for  aircraft  exhaust 
nozzles. 

Various  investigations  have  been  made of the  film-cooling  problem.  The  results 
of these  investigations  generally  are  published in the  form of an  empirical o r  semiem- 
pirical  correlation of film-cooling  data.  The  results of several  of these  investigations 
are  presented  in  references 3 to 9. A modificatioll of the  correlation  presented. in ref- 
erences 6 and 7 w a s  applied  with  some  success by Lucas  and  Golladay  (refs. 10 and 11) 
to  correlate  experimental  data  for  film cooling a convergent-divergent  rocket  nozzle. 
The  revised  correlation  presented in reference 11 was found to  be  applicable in predic- 
ting  the  cooling  performance of a cylindrical  ejector  for a small  afterburning  turbojet 
engine.  These  results  are  presented in reference 12. Reference 13  uses  the  Hatch- 
Papell  correlation  (ref. 6) in a procedure  somewhat  similar  to  reference 12 in predic- 
ting  the  cooling  characteristics  for  another  cylindrical  ejector  operating  over a larger 
range of flow conditions. 

This  report  documents  an  experimental  study of the  application of gaseous  film 
cooling to a plug nozzle.  The  aerodynamic  performance of this  nozzle without  cooling 
flow is  presented in reference 1 ,  and with  cooling flow in  reference 14. The  nozzle  used 
a 10' half-angle  conical  plug  with a translating  external  cylindrical  shroud.  Three plug 
configurations,  each  containing a different  slot  location,  were  used.  The  coolant w a s  
injected  tangentially  along  the plug surface.  The  tests  were  conducted in the  Lewis 
Research  Center's  static  test  facility.  Dry air at  room  temperature was burned  with 
"white gasoline" (72 octane)  to  provide  the  primary flow with a maximum  temperature 
of 1000° R (555 K) at  the  nozzle.  The cooling €low was  dry air at ambient  temperature. 
The  nozzle  pressure  ratio was varied  from 2 to 30, and  the  corrected  coolant-weight- 
flow ratio was varied  from 0 to 0.06. 
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APPARATUS  AND PROCEDURE 

Facility 

A schematic of the  static test facility is shown  in figure 1. The  primary air is ob- 
tained  from  the  main air supply  line. Part of the air is  diverted  through  the  burner  and 
then  remixed with the  main  stream  to  supply  the  required  temperature  to  the  model. By 
maintaining a temperature of  1650' R (918 K) in  the  burner  cans,  the  temperature of the 
mixed  gases at the  model was  approximately 1000° R (555 K). The  fuel  used was "white 
gasoline" (72 octane).  The  secondary air was tapped off the  main  supply  line  upstream 
of the  burner  can  and  routed  to  the  model  to be  dumped either  through a coolant slot  in 
the plug o r  between  the primary  nozzle  and  the  external  shroud  for  shroud  cooling. 

Pressures and  temperatures were measured  at  the  various  locations  indicated in 
figure 1. The  nozzle  primary  airflow was calculated  from  pressure  and  temperature 
measurements in the  bellmouth  section of the  mounting  pipe,  which was calibrated  using 
an ASME calibration  nozzle.  The  secondary  airflow was measured by means of a stand- 
a rd  ASME flow-metering  orifice in the  external  supply  line.  The  model  installed  in  the 
test  facility is shown in figure 2. 

Nozzle  Configurations 

The full-length plug nozzle was tested with a single  primary  nozzle  simulating  an 
iris-type  primary  operating in  the  maximum  afterburning  position  with a throat-  to 
nacelle-area  ratio of 0.36. Basic  nozzle  dimensions are shown in  figure  3(a).  Three 
external  shrouds (fig.  3(b)) of different  lengths  were  tested  to  simulate  translation.  The 
internal  expansion  pressure  ratio  and  internal  area  ratio  for  each of these  shrouds  are 
listed in table I. 

Various  coolant slot  configurations  were  tested at each of three  locations  along  the 
plug, as shown  in figure 4. The slots were either open or  partially blocked  with  spacing 
tabs.  The  geometry of the  slot with  spacing  tabs is shown  in figure 5,  with detailed  di- 
mensions  given in table II. All film-cooled  surfaces were made of 304 stainless  steel 
0.050  inch (0.127 cm)  thick  to  decrease axial conduction. 

For  the  shroud-cooling  tests,  the  1/4-inch (0.635-cm) thick  shrouds  were  replaced 
with a thin-walled  cylinder which extended  to  the  tip of the plug. This  shroud w a s  run 
with  and without insulation on the  outer  surface  (high-temperature-resistant  polyurethane 
foam-in-place  resin)  to  determine  the  effect of radiation  and  ambient  convection  on  the 
film-cooling  efficiency of the  ejector. 
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Nozzle Instrumentation 

Plug  surface  temperatures  were  measured by two rows of thermocouples,  located 
at 0' and 2'70' looking upstream, shown  on figure 6. A row of static-pressure  orifices 
was located at an  angle of  180'. The  instrumentation  for  the  shroud-cooling  tests is 
shown  in  figure 7. 

The total  pressure of the  primary  stream was obtained  from  pressure  probes  on 
the rake shown in  figure 8. The two shielded  thermocouples  located on the  rakes  were 
used  to  determine  the  total  temperature of the  primary  stream. 

The  total  pressure Ps (fig. 8) and fluid temperature Ts (fig. 7) of the  shroud  sec- 
ondary  flow  were  measured between the primary  nozzle  and  the  shroud.  The  total pres- 
sure  of the plug coolant flow PC was measured as the flow exited  the  center  sting  and 
entered  the plug (fig. 6). The plug coolant flow temperatures  Tc  were  measured  using 
unshielded  thermocouples in a cavity  just  upstream of the  coolant  slot.  These  are  also 
shown in figure 6. 

Procedure 

Pressure  ratios  were  set  by maintaining a constant  nozzle-inlet  pressure and vary- 
ing the  exhaust  pressure.  Each  configuration was tested  over a range of pressure  ratios 
which were applicable  for  the  particular  shroud  extension  ratio. Cooling  efficiencies 
were  obtained  for a primary  temperature of 1000° R (555 K) and a coolant  temperature of 
520' R (288 K). At each  nozzle  pressure  ratio  the  coolant-weight-flow  ratio was varied 
from 0 to  the  maximum  available  for  the  particular cooling configuration  being  tested. 
Data were  then  recorded  once  the  monitored  surface  thermocouples  indicated a steady- 
state condition  had  been  reached. 

Data Reduction 

The  film-cooling  efficiency,  defined  in  reference 6 ,  was determined  from  the re- 
covery  temperature of the  primary  stream  Tr  the  static  temperature of the  coolant 
at the  coolant  slot  tc,  the  local wall temperature Tw , and was defined as 

7 P' 
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These  data  have  been  compared  with  the  Hatch-Papell  film-cooling  correlation 
which is presented  in  reference  6 as 

where 

and 

for - 5 1.0 vP 

vC 

The coolant flow rate wc w a s  measured  directly  in  the  secondary flow line.  The 
specific  heat at constant  pressure (C ) thermal  diffusivity aC, and  coolant  velocity 
used in equation (2) were  evaluated  for  the  static  pressure pc and  temperature  tc  at 
the  coolant  slot  exit.  These  static  values  were  computed  using  one-dimensional  com- 
pressible flow, continuity,  total  pressure PC, total  temperature  Tc,  and  the  area of the 
coolant  slot.  The  slot height S w a s  the  measured  value at the  coolant  slot  exit. 

P c’ 

The  Hatch-Papell  correlation was developed  for a film-cooled f l a t  plate  with  sub- 
sonic flow and no pressure  gradient.  Thus when applied  to a plug nozzle,  some of the 
parameters  must be selected  differently  than  suggested by the  original  authors. Local 
values of all parameters  for  the  primary  stream  were  used,  except  the  heat-transfer 
coefficient  parameter nhD These  values were obtained  using  the axial static- 
pressure  distribution,  the  primary  total  pressure P , and  isentropic flow equations. A 
method  suggested by Lucas  and  Golladay  in  reference 11 was  used  to  obtain  an  average 
value of the  heat-transfer  coefficient  parameter (nhD )x from  the point of injection  to 
the point of interest.  The  local  values of shD were  integrated  over  the  distance  x 
using  the  trapezoidal  rule  for  integration.  The  local  values of the  heat-transfer  coeffi- 
cient were obtained  from 

PI’ 

P 

PI 0 
Pl 

h = 0.0265 - (Re):’ (Pr):. 
DPIJr 
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The  Reynolds  number,  Prandtl  number,  and  thermal  conductivity  were  evaluated at a 
film  temperature which is defined as the  arithmetic  average of the  local  static  tempera- 
ture of the  primary  stream  and  the  static  temperature of the  coolant  stream at the  slot. 

In determining  the  cooling  characteristics  for  the  shroud,  the  same  approach as 
outlined  above was used  except  that  the  shroud  inside  diameter Dsh was used  instead of 
Dpl, and  the  coolant  slot  conditions  were  evaluated in the  secondary flow  exiting  between 
the  primary  flap  trailing  edge  and  the  shroud. 

RESULTS AND DISCUSSION 

Fifty-Percent  Coolant  Slot  Location 

The first  cordiguration  to be discussed is a full-length plug with  the  coolant  slot  lo- 
cated midway between  the  primary  nozzle and the  tip of the  conical  section (fig. 4(a)). 

The pumping characteristics  for  this  coolant  slot  location  are  presented in figure 9. 
The  effective  coolant-flow-area  ratio (Ac/Ap)eff was  calculated by using  the  equation  for 
choked flow at both the  coolant  and  primary  throats.  The  equation  reduces  to 

where 

K =  

By utilizing  the  choke  line  (straight  portion of the  curve) of figure 9, the  effective  flow- 
area  ratio is read  directly  from  the  abscissa  at Pc/P7 = 1 .  The  correction  factors due 
to  differences in gas  properties  are  then  applied.  The  corrected  effective  flow-area 
ratios  for  the  various  slot  configurations are 0.0117,  0.0168,  and 0.028 for  the two par- 
tially  blocked  slots  and  the  full-open  slot,  respectively. 

Typical  plug pressure  distributions  are  shown in figure 10 at selected  nozzle  pres- 
sure ratios  for  each of the  shroud  positions.  Also  included on figure 1O(c) is a pressure 
distribution  for a plug with no coolant  slot  (ref. 1). As  can  be  seen,  the plug pressure 
distributions are not significantly  affected by coolant injection.  The  high-pressure 
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values  indicated at   an  x/L of O. 50 are located  just  inside  the  coolant  slot  and  thus are a 
function of coolant flow rate. 

All the cooling efficiency data taken  with  the  large  coolant area ((Ac/Ap)eff = 0.028) 
and  the  retracted  shroud (x/d = -0.235) a r e  shown  on figure 11. The  line in this  and fu- 
ture figures  represents  the  predicted  values  from  the  Hatch-Papell  correlation (eq. (2)). 
Considerable  deviation was obtained  under  certain  conditions of nozzle  pressure  ratio  and 
coolant  weight  flow, as wi l l  be  discussed.  Leaders  are  Aown  for  the  various  nozzle  pres- 
sure ratios  and  corrected  coolant-weight-flow  ratios  and  identify  the point nearest  the 
plug  tip. 

Part  of the data from  figure 11 are presented in figure  12  to show the  effect of nozzle 
pressure  ratio at three  corrected coolant-weight-flow ratios.  From  figure 12 we see  very 
good agreement between the  experimental  data  and  the  Hatch-Papell  correlation,  for 
nozzle  pressure  ratios  less  than o r  equal  to 4. At a pressure  ratio of 7,  the  experimen- 
tal data show a maximum  divergence  from  the  correlation of 0.42  in  cooling  efficiency 
near  the  tip of the  plug  for  the  0.02  corrected  weight-flow  ratio (fig. 12(a)). At a correc- 
ted weight-flow ratio of 0.03 and 0.04, the  divergence  decreases to 0.35 (fig.  12(b)) and 
0.31 (fig. 12(c)),  respectively. At the  nozzle  pressure  ratio of 11, the  divergence  from 
the  correlation is a maximum of 0.24. Thus  the  correlation  predicts  lower  temperatures 
than  were  actually  measured  at  the  higher  pressure  ratios. It is quite  obvious  there is a 
disturbance of the  film  which  affects  the cooling efficiencies at these  higher  nozzle  pres- 
sure  ratios. 

Variations in corrected coolant-weight-flow ratio at nozzle  pressure  ratios  greater 
or less  than 7 have little  effect on the  deviation of cooling efficiency  from  the  correlation, 
as is evident  from  figure 13. As previously  noted,  the  main  disagreement is associated 
with  higher  nozzle  pressure  ratios.  For a nozzle  pressure  ratio of 11 (fig. 13(a)),  there 
is very  little  scatter  although  the data a r e  shifted away from  the  correlation.  For  the 
low pressure  ratios  (figs. 13(b) and  (c)),  the  data  agree  very  well  with  the  correlation. 

The plug pressure  distribution  for  the  retracted  shroud (fig. lO(a)) shows that the 
plug pressures  vary  considerably  with  nozzle  pressure  ratio but not with  coolant  corrected 
weight  flow. For a nozzle  pressure  ratio of 3,  the plug static  pressure  reaches values 
below free-stream  static  pressure po near  the  throat,  and  then  oscillates about po fo r  
the  length of the plug. Figures 12 ,  13(b),  and  13(c)  show  very good agreement  between  the 
correlation  and  the  data  at  this  pressure  ratio, which  provides a static-pressure  distribu- 
tion  with a near-constant  mean  value.  For a nozzle  pressure  ratio of 7,  figure lO(a) shows 
a steep  favorable  pressure  gradient  ending in a large  overexpansion  followed by a long re-  
compression  that  extends out to  near  the end of the plug. This  long  recompression  region 
(adverse  pressure  gradient)  may  be  responsible for the  large  drop in cooling efficiency  and 
the  large  deviation of the data from  the  correlation  for  this  pressure  ratio, as shown in 
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figure 12. For  the  nozzle  pressure  ratio of 11 , figure lO(a) shows a steep  favorable  pres- 
sure  gradient  extending  further  downstream  than  for  the  pressure  ratio of 7, followed by 
a shorter  and  milder  adverse  pressure  gradient.  This  gradient is followed by a constant- 
pressure region.  Figure  12  indicates  closer  agreement of the  data  with  the  correlation 
for  a pressure  ratio of 11 than  for a pressure  ratio of 7, Thus it appears  that  the  cool- 
ing  efficiency will be  higher  for  the  pressure  distributions having an  initially  longer fa- 
vorable  pressure  gradient on the plug upstream of the  slot (and thus a shorter  adverse 
pressure  gradient), as occurred  for  the  nozzle  pressure  ratio of 11. 

Figure  14 is a comparison of experimental data for a iarge  coolant  area  with  the 
shroud  extended  to  the  intermediate  location.  The  nozzle  pressure  ratio  effect  seen with 
the  retracted  shroud (in  fig. 11) is again  evident.  Specific  comparisons  for  constant 
nozzle  pressure  ratios and corrected coolant-weight-flow ratios are not made  because of 
this  similarity  to  the  previous results. Here  again, as for  the  retracted  shroud,  the 
cooling  efficiency  shows a significant  reduction  from  the  correlation at a nozzle  pressure 
ratio in the  range of 8.6; whereas  for  the  higher  nozzle  pressure  ratios , the cooling ef- 
ficiency is more  nearly as predicted by the  correlation. A review of the plug pressure 
distribution  for  the  intermediate  length  shroud  location (fig. 10(b))  shows a large,  favor- 
able  pressure  gradient  followed by a long,  large  recompression  region  for a pressure 
ratio of 8.6. For the  higher  pressure  ratios,  the  favorable  pressure  gradient  extends 
further down the  plug,  followed by a relatively  flat  pressure  profile which  approaches 
the  zero  pressure  gradient  for  which  the  Hatch-Papell  correlation w a s  developed. 

The data for  a fully  extended  shroud  and  large  coolant area a r e  shown in figure '15. 
A nozzle  with  this  shroud  extension would normally  be  operated at nozzle  pressure  ratios 
greater  than 10.0. For  these  pressure  ratios  the data agree  satisfactorily  with  the  cor- 
relation. 

The  effect of the coolant slot   area on the  cooling  efficiency is shown  in  figure 16 
with  the  shroud  retracted. All three  cases show similar  trends. 

The  effect of the  coolant  slot area on the cooling efficiency when the  shroud is 
fully  extended is seen in figure 17. The  correlation  agrees  very well with the data, for 
the open coolant  slot.  However, when the  spacing  tabs are put in the  coolant  slot,  the 
correlation would predict wall temperatures  higher  than  those  obtained  experimentally. 
For these  cases  the  total  pressure of the  cooling flow is considerably  higher  than  the 
primary  total  pressure, as indicated in figure 9.  

The  effect of the plug support  struts on the  surface  temperature is shown in figure 
18  for a full-open  coolant  slot.  For  the low  flow conditions  the cooling efficiencies down- 
stream of a support strut (flagged  data at 270') vary up to 0.04 higher  than  efficiency 
measured between struts at 0'. As would be expected,  the  difference  decreases at po- 
sitions  further  downstream.  The  higher flow rates  tend  to  minimize  this  difference  for 
both  nozzle pressure  ratios.  Additionally, in a temperature  gradient  region, a tendency 



appears  for  the  flagged values to  lag  behind  the  unflagged  values. 

(fig. 5) shown  in figure 19. An open area in the  coolant  slot was  at 0' and  the  tab block- 
age at 270'. Thus  any  effect would be  added  to  the  difference  caused by the  support 
strut. Again there is a cooling  efficiency  difference of as much as 0.04. It is concluded 
that the  presence of tabs in the  slot in line  with  the  thermocouples has negligible  effect 
on the  coolant  efficiency.  This  conclusion is found to be true for  both ranges of nozzle 
pressure  ratio  considered. 

Compounded with  this  support strut effect is the  effect of the  small spacer tabs 

Ten-Percent  Coolant Slot Location 

By using  the  same  procedure as described  for  the  50-percent  coolant  slot  location, 
the  effective  flow-area  ratios  were  obtained  for  the  10-percent  coolant  slot  location  from 
figure 20. These  values are 0.0260,  0.0178,  and  0.0146.  Again very little effect of 
shroud  location is seen. To  obtain a corrected coolant-weight-flow ratio of 2  percent, 
a coolant  total-pressure  ratio Pc/P7 of 1.4 is required  for  the  slot with the  small area, 
and a Pc/P7 of 0.75 for  the  slot  with  the  large  effective area. These pumping require- 
ments  become  quite  important  when  considering  the  effect on the  performance of the  en- 
gine  cycle. 

The plug pressure  distributions  with  the  large  coolant  slot  located at x/L = 0.10 
at various  nozzle  pressure  ratios  for  the  three  shroud  length  positions  are shown  in  fig- 
ure 21. These plug pressure  distributions  are  very  similar  to  those  for  the  50-percent 
coolant slot  location (fig.  10). Therefore it is concluded  that  the  pressure  distributions 
a r e  not significantly  influenced by moving the  coolant  injection point from  the  50-percent 
location  upstream  to  the  10-percent  location.  This is also apparent by comparing  data 
from  reference 1 without coolant flow with  the  present data (fig. 21(c)). 

All the  data  taken  for  the  large  coolant flow area, (Ac/Ap)eff = 0.026,  with  the  re- 
tracted  shroud  are shown  in figure 22. In general,  the  data  agree  well with the  correla- 
tion.  Cooling  efficiencies  vary  from a maximum of 0.15 below the  correlation  to 0.3 
above.  Again, as for  the  large  deviation which occurred  with  the  50-percent  slot  loca- 
tion  at  pressure  ratios  near  7, a significant  deviation, but of much  smaller  magnitude, 
can be seen at the  pressure  ratio of 6. Also  there  seems  to  be a trend showing a sudden 
decrease in nozzle  cooling  efficiency  near a value of the  correlation  parameter of 0.50. 

When the  data are plotted at constant  values of coolant  corrected weight flow (fig. 
23), we see that the  greatest  deviation of the  correlation  from  the  data  occurs at the low 
corrected weight-flow ratio  and  near  the  midpoint of the plug. The  deviation is such  that 
the  correlation would predict plug temperatures  higher  than  those  obtained  experimentally. 

An effect of corrected coolant-weight-flow ratio is seen in figure 24  by comparing 
the data at constant  nozzle  pressure  ratio. At the  higher  pressure  ratios a sharp  drop 
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in cooling  efficiency is apparent, which is then  followed by a nearly  constant  value. As 
the  pressure  ratio is lowered,  the  steepness of the dropoff decreases.  This  trend is 
more  apparent on figure 25,  which  shows  plots of cooling  efficiency  variation  with  plug 
position for  varying  corrected weight-flow ratio at a constant  nozzle  pressure  ratio. At 
pressure  ratios of 13  and 9 (figs.  25(a) and  (b)),  respectively),  the sharp drop in  effici- 
ency  begins at a plug position of about x/L = 0.37 and  levels off at position x/L = 0.63. 
Referring  to  figure 21(a) at  the  pressure ratio of 13, the plug  position x/L = 0.37 occurs 
at  the  end of a steep  favorable  pressure  gradient,  and  the plug  position  x/L = 0.63 at 
about  the  end of a mild  recompression. 

For a nozzle  pressure  ratio of 6 (fig.  25(c)),  the  sudden  drop  in  cooling  efficiency 
is not as pronounced as in the  previous  cases, but originates  at a similar location of 
about  x/L = 0.28,  Again  referring  to  figure  21(a) at this  pressure  ratio, it is noted  that 
this  position  represents  the end of the  initial  favorable  gradient.  Here again, as for  the 
50-percent  slot  location,  the long recompression  region is apparently  responsible  for  the 
low cooling  efficiencies  at  this  pressure  ratio as compared  to  other  higher  and  lower 
pressure  ratios  for a particular weight flow (see fig.  23). For a pressure ratio of 3  (fig. 
24(d)) , the  correlation  agrees  very  well with all data as it did  for  the SO-percent slot 
data.  The  corresponding  pressure  distribution  oscillates  about  the  ambient  static  pres- 
sure  po. 

It is again  observed  that as the  initial  favorable  pressure  gradient  extends down the 
plug (increasing  pressure  ratio  above 6) the  cooling  efficiencies  increase.  Also  the  cool- 
ing  efficiencies a r e  considerably  reduced in the  region  with a long  adverse  pressure  gra- 
dient. 

A  comparison of cooling  efficiency  data for  the  retracted  shroud  (10-percent  coolant 
slot (fig. 22) and  the  50-percent  coolant  slot  (fig. 11)) provides  some  interesting  observa- 
tions on overall  cooling  capability. In both cases  minimum  cooling  efficiencies  occur 
near  the plug tip. At a corrected weight  flow of 0.02,  the  cooling  efficiency  near  the plug 
tip is no better  with  coolant  injection at  the  50-percent  slot  than  with  injection at the  10- 
percent  slot  for  nozzle  pressure  ratios of 6  to 7.  At higher  nozzle  pressure  ratios,  the 
50-percent  slot is slightly  more  efficient in cooling  the  tip, as would  be expected  since 
the  slot is closer  to  the point  being  cooled. At the  lower  pressure  ratios, as would be 
predicted  from  the  Hatch-Papell  parameter,  the  50-percent  slot cooling  efficiencies a re  
significantly  higher  than  those of the  10-percent  slot.  These  trends  are  also  observed at 
the  higher  corrected weight  flows. 

Figures 26 and 27 show  comparisons of the  experimental  data  with  the  Hatch-Papell 
film-cooling  correlation  for  the  large  slot  with  the  shroud  in  the  intermediate  and  fully 
extended  positions,  respectively.  These  longer  shroud  lengths a r e  normally  required at 
the  higher  nozzle  pressure  ratios  and  are  plotted  accordingly.  There is more  scatter  for 
the  intermediate  shroud  than  for  the  longer  shroud,  primarily due to  the  data  at  the  lower 
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pressure  ratio of  8. For  the  extended  shroud,  the  data  show  little  sensitivity  to  nozzle 
pressure  ratio when the  corrected weight flow is kept  constant. 

cific  nozzle  pressure  ratios on  cooling efficiency for  the  intermediate  shroud.  Figure 29 
shows  the  variation in cooling  efficiency  with plug surface  position  for  the weight  flows 
and  pressure  ratios shown  in figure 28. Here  again, as for  the  retracted  shroud,  the 
start of the  drop  in  cooling  efficiency  occurs at the  end of the  initial  favorable  gradient 
(see fig. 21(b)) for  the  pressure  ratio of  8. As the  pressure  ratio  increases, data (not 
presented  here) show that  the point of sudden  decrease in efficiency  moves  downstream. 
The  plug pressure  distribution  for a pressure  ratio of 18.7 (fig. 21(b)) indicates  there is 
a long,  steep,  favorable  pressure  gradient  extending  to  about  x/L = 0.54. Figure 29(b) 
shows  only a small  drop in efficiency at this  position. 

Figure  28  shows  the  apparent  effect of corrected coolant-weight-flow ratio at spe- 

Figures 30 and 31 show data  for  the fully extended  shroud  for  weight  flows  and  pres- 
sure ratios  similar  to  those shown on figures 28 and 29, Here  again,  the start of the 
steep  drop  in cooling efficiency  coincides with the  end of the  initial  favorable  pressure 
gradient  (see fig.  21(c)). 

When the plug surface  pressure  profiles  for  the  intermediate  shroud and  the  ex- 
tended  shroud  are  compared at the  nozzle  pressure  ratio of 19, the initial favorable  pres- 
sure gradient is seen  to  extend  much  further  downstream  for  the  intermediate  shroud. 
Again it appears  that,  with a longer  initial  favorable  pressure  gradient  along  the plug s u r -  
face,  higher cooling  efficiencies  can be expected. 

The  effect of coolant  slot  area on the cooling efficiency of the plug surface with  the 
retracted  shroud is shown in figure 32. There is a general  trend of decreasing  efficien- 
cies  with  decreasing area. Maximum  deviations in cooling efficiencies  from  the  corre- 
lation are from  4.30  to -0.15  for  the  large coolant slot, 4.10 to -0.20 for  the  interme- 
diate  slot,  and  4.10  to -0.30 for the small  slot. In general,  the  data  correlate  fairly 
well  with  the  Hatch-Papell  film-cooling  correlation.  Similar  data  for  an  extended  shroud 
condition are shown  in figure 33. As seen in previous  figures,  the  large coolant slots 
tend  to  produce  higher  cooling  efficiencies  than  the  correlation.  Very good agreement is 
obtained  for  the two smaller coolant  slot  areas, (Ac/Ap)eff = 0.0178 and 0.0146. 

face is shown in figure 34 for  the  extended  shroud  and  the  large  coolant flow area.  The 
maximum  difference  in  coolant  efficiency is approximately  0.04  near  the point of injec- 
tion of the  coolant flow and is higher  behind  the  strut.  This  difference  decreases  to 
practically  zero  downstream of the coolant slot, a distance  x/L = 0.4. 

The  effect of the plug support struts on the cooling characteristics of the plug s u r -  

Typical results showing the  effect of the  coolant  slot  spacer  tabs on the  cooling 
characteristics  for  the plug surface are shown in figure 35. These results include  the 
almost  negligible  effect of the plug  support  struts.  For  corrected weight-flow ratios of 
approximately  0.02,  there are higher cooling efficiencies  downstream of the  slot  tab, of 
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the  order of 0.1 near  the point of injection of the  coolant  slot.  These  differences are de- 
creased by increasing  the  amount of coolant  flow  and  thus  building a thicker,  more effi- 
cient  layer of coolant air. As would be  expected,  this  difference  disappears at greater 
distances  downstream  from  the  coolant  slot. 

The  previous  discussion of the  slot  spacer  tab  effect  on  the cooling efficiency  for 
the  50-percent  coolant  slot  location  indicated  negligible  effect.  The  10-percent  slot l o a -  
tion  shows an appreciable  effect  due  to  the  spacer tabs on the  temperature  measured 
downstream  in  line  with  the  tabs. Doubling of the tab width  due  to  the  slot  geometry 
(table 11) probably  caused  this  increase  in cooling efficiency. 

Minus Ten-Percent  Coolant  Slot  Location 

The  effective flow areas for  this  configuration  were  obtained  from  the pumping 
characteristics  shown on figure 36. The values of effective  flow-area  ratio  obtained 
were 0.0433 and 0.0295. As in the  cases of the two previous  coolant  slot  locations,  the 
shrouds  have no significant  effect on the pumping characteristics. A coolant  total- 
pressure  ratio of approximately 1.0 and 0.8 would be  required  to  obtain 2 percent  cor- 
rected  coolant flow for  the  smaller  and  larger  slots,  respectively. 

The plug pressure  distributions  for  the  small  slot are shown in figure 37. These 
plug pressure  distributions  are  quite  similar  to  those  for the 50- and  10-percent  coolant 
slot  location. As observed  previously,  the  pressure  distributions  are not significantly 
influenced by the  coolant  slot  locations  along  the  surface, or by the  corrected  coolant 
flow ratio.  The  small  adverse  pressure  gradient  which is seen just  upstream of the  slot 
is caused by a combination of local geometry  and,  to a lesser, extent, by the  high  slot 
inlet  pressure. 

Since  neither of the two  coolant slot  configurations  for  this  location is blocked  with 
tabs,  most of the  discussion will be for  the  small  effective  flow-area  ratio which is ap- 
proximately  equal  to  the  large  values at the two downstream  coolant  slot  locations. 
These  results  for  the  retracted  shroud are shown  on figure 38. The  maximum  deviation 
of cooling efficiency  from  the  correlation is f r o m   4 . 2 5  to -0.25, as compared  to 4.30 
to  -0.15  for the 10-percent  slot  location,  retracted  shroud.  The  maximum  deviation  for 
the  50-percent  slot was from  4.42  to -0.10 for  the  same weight-flow  range  and retrac- 
ted  shroud.  Except  for  the  nozzle  pressure  ratios of about 7 with the latter configura- 
tion, the  deviations  are less than 0.25. 

The  effect of the  nozzle  pressure  ratio on the  cooling  characteristics is shown in 
figure 39. As can  be  seen,  the  scatter is decreased  considerably when a comparison is 
made  based on a constant  corrected coolant-weight-flow ratio. 
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The  effects of coolant  flow rate at constant  nozzle  pressure  ratio  are shown  in fig- 
ure 40. The  data  shift  from  above  the  correlation  to below the  correlation  with  increas- 
ing  corrected coolant-weight-flow  ratio.  The  data agree with  the  correlation at about a 
weight-flow ratio of 0.03,  which from  the pumping characteristics (fig. 31) occurs at a 
coolant  total-pressure  ratio Pc/P7 of about  1.25. It is apparent  that  the  effect of the 
corrected coolant-weight-flow ratio  causez  more  significant  deviations  from  the  correla- 
tion  for  this  slot  location  than  for  those  downstream of the  primary  nozzle.  The  actual 
variation in cooling  efficiencies  with  corrected  weight  flow is small;  however,  variations 
in the  Hatch-Papell  parameter  in  the  range  shown are almost  inversely  proportional  to 
the  coolant weight  flow. At a nozzle  pressure  ratio of 9 (fig. 40(a )), a deviation  from 
the  correlation of as much as 4 . 1 5  and  -0.22  in  cooling  efficiency is obtained by varying 
the  corrected  coolant-weight-flow  ratio  from 0.022 to 0.052. This is also  true at a 
nozzle  pressure  ratio of 3 (fig. 40(b)).  Figure 41 shows  cooling  efficiency  plotted  against 
axial distance  along  the  plug  surface.  A  steep  drop  in  cooling  efficiency  occurs  upstream 
of the  throat,  followed by a leveling off. From  figure 4(c)  we see  the flow is initially in- 
jected  tangent  to  the  surface.  A  short  distance  downstream,  the  surface  turns  away  from 
the  tangential  coolant  flow.  This  turning  could  cause  lower  cooling  efficiencies in the 
throat  region. For the  pressure  ratio of 9 (fig. 41(a)), a second  significant  drop in cool- 
ing efficiency  occurs  at  about  x/L = 0.63. This  location  coincides  with a recompression 
region  on  the plug surface (fig.  37(a)). For  the  pressure  ratio of 3  (fig.  41(b)),  the  drop 
is more  gradual  over  the  length of the plug. 

As  with  the  +lo-percent  slot, a longer  favorable  pressure  gradient (fig.  37(a)) gen- 
erally  yields  higher  cooling  efficiency, as shown when figure 41(a) is compared  to  figure 
41(b).  Also at  the  +lO-percent  slot  location,  it was generally  found  that  the data fell 
above  the  correlation  for a long  initial  favorable  pressure  gradient. At the  -10-percent 
slot,  this is only true  for  the 0.02 coolant weight flow (fig.  40).  This  difference  can  be 
attributed  to  the  very  sharp  drop in  cooling  efficiency at  the point of injection  and  the  neg- 
ligible  effect of additional flow  on that  cooling  efficiency (fig. 41).  The  coolant  pressure 
at 0.02 coolant  weight flow is about  equal  to  the  primary  total  pressure;  and at higher 
coolant  flows,  the  pressure is higher  than  the  primary  value.  The  lack of increased 
cooling  efficiency  with  increased  coolant flow may  be  due  to  this  higher  coolant  pressure. 

The  effect of the  shroud  length  position is shown by comparing  figure 38 (retracted 
shroud)  with  figure 42 (intermediate  shroud)  and  figure  43 (extended  shroud).  The  maxi- 
mum  deviation is approximately  the  same  for  the  retracted,  the  intermediate,  and  the 
extended  shrouds,  although  for  the  extended  shroud  there is a significant  decrease  in  the 
range of deviation  for  any  particular  nozzle  pressure  ratio.  Again, as for  the  retracted 
shroud,  the  data  agree  best  with  the  correlation at a corrected coolant-weight-flow ratio 
of 0.03 for  the  intermediate  and  extended  shroud  configurations. 
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Figures 44 and  45  show  cooling  efficiency  plotted  against axial distance  along  the 
plug for  the  intermediate  and  extended  shrouds.  Here  again, as with  the  retracted 
shroud,  the  intermediate  and  extended  shrouds show a n  initially  steep  drop  in cooling 
efficiency  leveling off at a point near  the  throat.  In  addition, it shows  the  relative  inef- 
fectiveness of additional  flow. In figure 44(b) the  second  drop  in cooling  efficiency  ap- 
pears  to  coincide  with  the  recompression  region  starting at x/L = 0.45  shown  in  figure 
37(b). On the  other  hand,  for  the  nozzle  pressure  ratio of 18 (fig.  37(b)),  the  pressure 
profile is relatively  flat beyond x/L = 0.50 and  the  cooling  efficiencies (fig. 44(a)) also 
remain  constant. When figure 45(b) is compared  with  figure  37(c) , we again  see  that  the 
start of the  second  drop in  cooling  efficiency is at x/L = 0. 36, which is a little be- 
yond the start of a long  recompression  region.  Figure  45(a),  on  the  other  hand, when 
compared  to  figure  37(c)  shows a drop in cooling  efficiency  with a favorable  pressure 
gradient  following a short  adverse  pressure  gradient.  The  initial  favorable  gradient 
barely  drops px below ambient  pressure. 

The  effect of the  coolant  slot  area  is shown in figure 46 for  the  retracted  shroud 
and  in  figure 47 for  the  extended  shroud. In  both cases,  the  lower  coolant weight flow 
shifts  further  above  the  correlation  and  the  higher  weight flow approaches  the  correla- 
tion. For  the  larger  slot,  higher  values of cooling  efficiency  were  obtained  just down- 
stream of the  slot. It can  again be seen  that weight  flows  requiring  pressures  higher 
than  the  primary  pressure (fig. 36) did not significantly  improve  the  cooling  efficiency 
over  lower  coolant  flows.  This  further  confirms that for  the  slot  geometry  investigated, 
coolant  flows  requiring  pressures  greater  than  the  primary  pressure were not as effec- 
tive as they  should  be. In both cases,  at  the  corrected coolant-weight-flow ratio of about 
0.05,  the  data are most  nearly  predicted by the  correlation.  From  figure 36 the  pumping 
characteristics show this flow rate  to  correspond  to a coolant  total-pressure  ratio of 
p /P - 1.25,  which is the  same value  obtained  for  the  smaller  slot. c 7 -  

The  effect of the plug support  struts, as shown  in figure  48, is quite  large.  The 
maximum  loss of cooling  efficiency  behind  the strut  (relative  to  the  undisturbed flow) was 
0. 5  near  the point of injection.  This  difference  diminishes  further  downstream  to a value 
of 0. 15 near x/L = 0.10. At this  station a sudden  reversing  effect  occurs  to  provide a 
higher  cooling  efficiency  behind  the strut ,  with a maximum  difference of 0.08.  This  dif- 
ference in  cooling  efficiency  continues  downstream but at smaller  values. 

Shroud Cooling 

The  shroud  flow  pumping  characteristics  for  the plug nozzle  operating  with a full- 
length  shroud are shown  in figure 49. The  effective  choking area obtained, as previously 
described, was (As/Ap)eff = 0.230, as compared  to  the  geometric  area of 0.24  between 
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the  shroud  and  the  maximum  diameter of the  primary  nozzle.  This  shroud was actually 
longer  than  required  for  acceptable  aerodynamic  performance;  however,  to  obtain  ade- 
quate  heat-transfer results, a full-length  shroud  was  tested. 

The  pressure  distributions  along  the  shroud are shown in figure 50.  At  low secon- 
dary  flows (fig. 50(a)),  the  primary flow stream  impinges on  the  shroud a short  distance 
downstream  from  the point of injection of shroud  secondary cooling air. The  secondary 
flow is due to  entrainment by the  primary  stream.  The  increase in pressure  near  the 
exit  at low nozzle  pressure  ratios is due to  separation  and  recompression of the  overex- 
panded primary  stream. At the  higher  pressure  ratios, it is believed that the  primary 
stream  remains  attached  to  the  shroud  and  that  the  moderate  increase  in  pressure is 
caused by a coalescence of compression  waves  from  the plug. 

The flow field shown by the  pressure  distribution  in  figure 50(b) is for a smoothly 
attached flow condition. This  attached flow is obtained at high  nozzle pressure  ratios  and 
high  corrected  secondary-weight-flow  ratios.  The  primary  flow  becomes  smoothly at- 
tached  to  the  shroud,  and  then  shows  an  expansion  and  compression  profile  similar  to 
figure 50(a). 

The  effect of insulation on the  cooling  characteristics of the  shroud is shown in fig- 
ure 51. Leaders  are shown for  the  various  nozzle  pressure  ratios and corrected coolant 
weight-flow ratios  and  identify  the point nearest  the  shroud  tip. For the  insulated  case 
(fig.  51(a)), the  experimental  data  fit  the  correlation  for  higher values of correlation par- 
ameter  than  for  the  uninsulated  shroud (fig.  51(b)).  The  insulated  case also provides 
somewhat  lower  efficiencies, as would  be expected  since  the  insulation  reduced  radiation 
and  convection  effects of the  external  shroud  surface.  The  sudden  increase  in  cooling  ef- 
ficiency  near  the  exit  corresponds  to  the  pressure  rise  due  to  the  separation of the  pri- 
mary  stream. 

The  effects of nozzle  pressure  ratio  and  corrected  secondary-weight-flow  ratio 
seem  to be adequately  corrected  for by the  Hatch-Papell  film-cooling  correlation  in  the 
region of practical  interest.  These data are presented  in  figures 52 and 53,  respectively. 
The point a t  which separation  appears  to  affect  the cooling characteristics is a function 
of the  corrected  secondary-weight-flow  ratio, as seen in  figure 53. 

SUMMARY OF RESULTS 

The  heat-transfer  characteristics  for a film-cooled  plug  nozzle  were  investigated 
experimentally in the  Lewis  Research  Center's  static  test  facility.  The  model was 8.5 
inches  (21.6  cm) in diameter,  and  the  maximum gas temperature  was  limited  to 1000° R 
(555 K). A  low-angle  conical  plug  with a small  boattail  angle was chosen as the  nozzle 
design  to be  tested.  The  nozzle  had.a  simulated iris primary  throat,  an  overall  design 
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pressure  ratio of 26.3, and a translating  cylindrical  outer  shroud  to  adjust  the  internal 
expansion of the  nozzle.  The  coolant was injected  at  either  one of three  locations  along 
the plug for plug  cooling o r  between  the  primary  nozzle  and  the  external  shroud  to  pro- 
vide shroud cooling. Different  coolant  slot  geometries  were  tested. 

The data were compared  with  the  Hatch-Papell  film-cooling  correlation.  This  cor- 
relation was developed for a flat plate  with no pressure  gradient. For application  to a 
plug  nozzle,  certain  modifications  were  necessary.  The  local  properties of the  primary 
stream  were  used. The  coolant stream  properties were taken  at  the coolant slot.  The 
following results were  obtained: 

1. The pressure  distributions  along  the plug surface with  coolant injection are  very 
similar,   for all configurations,  to  those  presented by previous  investigators who studied 
the  aerodynamic  performance of a plug nozzle. 

2. For all shroud  positions,  the  deviations in the  data  from  the  correlation could 
generally  be  associated with  plug pressure  distributions. 

3. Coolant slots (without spacers)  located  downstream of the  throat: 
(a) For the  50-percent  slot,  the  correlation  accurately  predicts  cooling  efficien- 

cies  for low nozzle  pressure  ratios (3 and 4) where  the  pressure  distribution  along  the 
plug  shows a ser ies  of rapid  pressure  fluctuations  about  the  nozzle  exit  pressure. For 
the  10-percent  slot,  the cooling efficiencies  were  slightly  above  the  correlation  values. 

(b) In regions of favorable  pressure  gradient  immediately  downstream of a 
coolant  slot,  cooling  efficiencies  were  always  significantly  higher  than  the  correlation 
values. 

(c) In regions of adverse  pressure  gradients  immediately  downstream of the 
slot, cooling efficiencies were significantly  less  than  the  correlation. 

(d) Adverse  pressure  gradients  tend  to  accelerate a decrease in cooling effi- 
ciency when  following a favorable  pressure  gradient. 

4. Coolant slots (with spacers;  smaller  area)  located  downstream of throat: 
(a) For the  50-percent  slot  location,  cooling  efficiencies  equal  to o r  higher  than 

the  correlation  were  obtained at a nozzle  pressure  ratio of 3, where  the  pressure  distri- 
bution along  the  plug  shows a ser ies  of rapid  pressure  fluctuations about  the  nozzle  exit 
pressure. For the  10-percent  slot, cooling efficiencies  were on o r  below the  correlation 
for  the  same  nozzle  pressure  ratio. 

(b) In regions of favorable  pressure  gradients  immediately  downstream of a 
coolant  slot,  cooling  efficiencies  matched  the  correlation  for low weight flow or  were 
lower  than  correlation  values  for  the  higher  weight  flows. 

(c)  Adverse  pressure  gradients  tend  to  accelerate a decrease in cooling effi- 
ciency when  following a favorable  pressure  gradient. 

5. Coolant slots (without spacers)  located  upstream of throat: 
(a) For low corrected  coolant-weight-flow  ratios  at  coolant  total  pressures 
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equal  to  or less than  primary  total  pressure,  cooling  efficiencies  were  significantly 
better  than  predicted by the  correlation.  These  slots are naturally  followed by a favor- 
able pressure  gradient  and, as noted for  the  downstream  slots,  provide  cooling  efficien- 
cies higher  than  the  correlation. 

(b) Higher  corrected coolant-weight-flow ratios  require  total  coolant  pressure 
greater  than  primary  total  pressure.  These  larger flow rates give little o r  no improve- 
ment in cooling  efficiency  over  the  lower flow rates. It is possible that these  higher 
pressures  cause  the  cooling flow to  overexpand  and  recompress  on  the plug shoulder, 
which reduces  their  effectiveness. 

(c)  The  correlation  matched  the data best at a coolant-total-pressure-to- 
primary-total-pressure  ratio of 1.25  which,  for  the retracted and  extended  shrouds, 
occurs at 0.03 and 0.05 corrected coolant-weight-flow ratio,  respectively. 

6. Plug  support  strut  effects: 
(a) For the coolant  slot  located  upstream of the  primary  throat, plug support- 

strut  blockage  caused a very  large  drop in  cooling efficiency  just  downstream of the  slot. 
A  little  distance  downstream of the  throat  the plug support  strut  effect  reversed  and 
caused a slight  increase in cooling  efficiency. 

(b) Plug  support strut effects on  cooling efficiency for  the  slots  located down- 
stream of the  primary  throat were small,  varying  to as much as 0.04 higher cooling 
efficiency. 

7. The  coolant flow slot  spacer tabs had no visible  effect on cooling  efficiency 
downstream of the tab when the  coolant flow was injected  midway  between  the  primary 
throat  and  the  tip of the plug. At the 10-percent  downstream  coolant  injection point where 
the  spacer tabs were  approximately  twice as wide, the spacer tabs caused  variations in 
cooling efficiencies as much as 0.1  higher  than without spacer tabs. The  slot  spacer tab 
effect  diminishes with downstream  distance  and  also as the coolant  weight flow is in- 
creased. 

8. Shroud  cooling  efficiencies  measured on the  shroud, in general,  agreed with the 
correlation  values.  Deviations  from  the  correlation  were  observed at low cooling effi- 
ciencies with an  uninsulated  shroud  and in regions  where  the  primary  stream  separated 
from  the  shroud. 

Lewis Research  Center, 
National  Aeronautics and Space  Administration, 

Cleveland,  Ohio,  September 14, 1970, 
720-03. 
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APPENDIX - SYMBOLS 

A area 

Ac/Ap ratio of minimum  coolant flow 
area to  primary  throat area 
(coolant flow area ratio) 

As/A, ratio of minimum  secondary flow 

B 

C 

cP 
D 

d 

g 

h 

K 

k 

L 

P 

Pr 

P 

R 

Re 

r 

S 

T 

Tr 

TW 

t 

18 

r 
area to  primary  throat  area 
(secondary flow area  ratio) 

slot width 

half tab width 

specif ic heat at constant  pressure 

diameter 

model  diameter 

gravitational  constant 

heat-transfer  coefficient 

constant 

thermal  conductivity 

length of uncooled plug measured 
from  nozzle  throat 

total  pressure 

Prandtl  number 

static  pressure 

gas constant 

Reynolds  number 

radius 

slot  height 

total  temperature 

recovery  temperature 

wall temperature 

static  temperature 

V 

W 

X 

a 

Y 

TJ 

7 

w 

velocity 

weight-flow rate 

axial distance  measured  from  nozzle 
throat 

thermal  diffusivity 

ratio of specific  heats 

cooling  efficiency,  equation (1) 

ratio of total  temperatures, T , / T ~  

ratio of weight-flow rates,  wc/w 
P 

o r  ws/w 
P 

Subscripts: 

C 

ef f 

f 

P 

Pl  

r 

S 

s h  

SI 

W 

X 

7 

8 

9 

0 

plug  coolant 

effective 

film,  arithmetic  average of coolant 
and hot gas 

primary 

Plug 

r e  cove ry 

secondary 

shroud 

slot 

wall  or surface 

condition at  distance x 

nozzle  inlet 

nozzle  throat 

nozzle  exit 

ambient 
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TABLE I. - SHROUD VARIABLES 

Shroud  axial-length- 
to-diameter  ratio, 

x/d 
~~~ ~ 

-0.235 
.215 
.618 

hterna l  area ratio, 

A 9 h  

Internal  expansion 
pressure  ratio, 

P d P 9  

1.89 
8.87 
11.93 

1.00 
1.81 
2.13 

TABLE n. - COOLANT SLOT VARIABLES 

Half  tab width. CI Slot inslde Slot outside Flow a r e a  Slot height, S 
~- 

Axial distance 
Irom  prlmary 

nozzle, 
X / L  

~- 

0.50 

0.10 

-0.10 

Number 
of tabs 

0 
90 
90 

0 
90 
90 

0 
0 

Slot diameter, DsI Slot  width, B 
diameter, OD 1 -" ~ 

cm cm m . 

2.375 
2.365 
2.365 

4.260 
4.256 
4.256 

."" 

~ 

in. 

0.056 
,042 

_"" 

_"" 
0.096 

,074 

"." 

cm i;r:2 i cm2 1 
0.598  3.86 

2.158  ,403 2.60  
1.95 

in. 

- "" 
0.012 

.019 

~ 

cm 

5.60 

10.56 

~ -~ 

11.18 

in. 
.~ ~ 

2.316 

4.218 

in. 

""" 

,0483 

6.04 
6.01 
6.01 

10.81 
10.80 
IO. an 

0.142 
,101 

."" 

0.244 
.I88 

" _ _ "  
0.0508 /1'. 166 

,094 
0.020 

,031 

"." 

.300 1.93 

0.231  1.342 8.66 
.599 3.81 

4.58 
4.48 
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Main  cel l   header : ::a 

L 4-21 J 

0 Total-pressure probe 
0 Static-pressure probe 
@ Total-temperature probe 

,-Main a i r  supply 

Sccondarv air   measurina  orif ice 

Section A - A 

Altitude  exhaust 

CD-10909-01 
Figure 1. - Schematic of test  facility. 
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Figure 2. - Installation of model in test  facility. 
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I 
(a) Plug  nozzle  model  dimensions. 

Ib) Plug  nozzle  shroud locations. CD-10910-01 

Figure 3. - Model  dimensions  and  geometric  variables. (Al l  dimensions  are in  inches  (cm)  unless  otherwise noted.) 
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I \\ \\ I I n ,.. ̂ . I 

""" 

xld.0.618 

(a) Full-length plug, mlan t ' s lo t  location at xfL = 0.50. 

diam 

- " 

I- 

(b) Full-length plug, coolant  slot  location at xlL = O. 10. 
r0 .938 (2.381) 

/ 4 
I I 

t- I (Ac'AJeff 

-P 0.0295 2 242  5.695 0.621 1.577 

CD-10911-01 

0.0433 1 2.291  15.819 IO. 602 11.529 

-- -- -" " 
"" 

(c)  Full-length plug, coolant slot location  at x lL  "0.10. 

Figure 4. -Coolant slot configuration details. (All dimensions  are i n  inches (cm).) 



0" 

I k P  

Figure 5. - Coolant slot geometry (see table 11). 
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I 

Two total-pressure probes; T ... ̂ 'I"".."......,".. Two rows of thermocouples: 
one thermocouple-, , 

I wu 11 It.[ IIIuLuuplt.s; 
one  at 260" 
one  at 3 5 0 3  

one at 0" 
one at nOo7 

(a) Coolant  slot  at x/L - 0.50. 

Two total-pressure probes; r T w ~  thermocouples; Two rows of thermocouples; 

(b) Coolant  slot at x/L - 0.10. 

Two thermocouples; Two rows  of  thermocouples; 

0 Total-pressure  probe 
0 Static-pressure probe 
8 Thermocouple 

(c) Coolant  slot at xfL = -0.10. 

Figure 6. - Plug instrumentation. Coolant  slots  at  ratio  of  axial  distance  to  uncooled  plug  length, 
measured  from  nozzle  throat,  x/L. 
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0.59 ( 1 . " ) 1  t+ 
One row  of thermocouples at OD7 0.33 (0.838) 

Static-pressure probe 
CD-10914-01 @ Thermocouple 

Figure 7. - Heat-transfer shroud instrumentation. (All dimensions are in inches (cml. I 

w '  P 7  

Total - 
temperature probe - 

1 
I 

\ 

Y 

Primary nozzle: i, 

I 

Le -900 
0 Static-pressure probe '"Shroud 

Thermocouple 

Figure 8. - Model instrumentation. 

CD-10915-01 
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Shroud length-to- 
diameter  ratio, 

x/d 

0 0.618 Effective coolant 
0 .215 flow-area ratio, 
A -.235 

(*c/*p)eff 

015 .020 .025  .030 -035 .040  .045  .050 
Corrected coolant-weight-flow ratio, w f i  

Figure 9. - Pumping characteristics for full- 
length plug with coolant slot at axial distance 
from primary nozzle, x/L = 0.50. 
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. 8  

.7 

.6 

. 5  

. 4  

. 3  

.2  

. 1  

0 

(a)  Shmud  length-to-diameter  ratio,  x/d = -0.235. 

. 7  

.. a= 
6 .6 
c' = . 5  5 ; . 4  

$ 
. 3  

CL 

Y . 2  
6 

, 1  

0 

(b) Shroud length-to-diameter  ratio,  x/d = 0.215. 

. 8  

.7 

. 6  

. 5  

. 4  

. 3  

. 2  

. 1  

0 
- . 2  -.l 0 . 1  . 2  . 3  . 4  . 5  .6 .7 . 8  .9 1.0  

Axial  distance from primary  nozzle, x/L 

(c)  Shroud length-to-diameter ratlo, x/d = 0.618. 

Figure 10. - Plug pressure  distrlbutions with coolant Slot at x/L = 0.50; e l -  
fecttve  coolant  flow-area  ratio, (Ac/Ap)elf = 0 .0280 ,  

Corrected  coolant- 
weight-flow ratlo, 

W,G 

0 0.021 
0 .020 
0 .020 
0 .039 
D .041 

Nozzle  pres- 
sure ratio, 

W O  
11.0 

1.3 
2.9 
7.2 
3 .1  

Solid aymbols denote p d P 7  

4 P7/Po 

0 0.025 24.0 
0 ,034 2 3 . 1  
A ,026 8 . 6  
0 ,035  8 . 6  

Solid  symbols  represent 

p d p 1  

WJ; P?/PO 

0 0.011 28.7 
0 , 0 3 3  29.8 
A ,012 9.4 
0 .032 9.6 
" 10.0 (ref .  1) 

Solid  symbols  represent 

PO/PI 
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0 Experimental data 
- Equation (2) 

.01  .02 .04 .06 .1 . 2  .4 

Hatch-Papell parameter, - 0.04  

. 6  . 8 1  2 4 

](3 ‘(2) 0.125 

Figure 11. - Comparison of experimental data with Hatch-Papell film- 
cooling correlation  for plug surface with coolant slot at x/L = 0.50. 
Shroud length-to-diameter ratio,  x/d = -0.235; effective coolant flow- 
area  ratio, (Ac/Ap)eff = 0.028;  corrected coolant-weight-flow ratio, 
0.010 5 w-& 5 0.050; nozzle  pressure  ratio, 2 5 P7/po 5 11. 
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Nozzle pres- 
sure ratio, 

'dP0 

0 11.0 
0 7.3 
A 4.0 'dP0 
0 2.9 /- 11.0 
0 2 . 0  I r 7 - 3  

I I r 4 . O  
,' 1 I r . 2 . 9  Equation (2) 

1 // ;;,-2.o 

. 8  

. 6  

. 4  

- 2  

. 1 
F (a) Corrected coolant-weight-flow ratio, w$ = 0.02. 

.r( al p7/p0 

+I 'dP0 0 10.8 

.? 

G 
V c 
V .r( 
W 

8 ,- 10.8 0 7.1  
a 4.0 

2.9 
4 
0 I r 7 . 1  
V 
0 I I  0 

I I r 4 . 0  

.02 . 04  .06 . 1  . 2  . 4  . 6  . 8  1 2 

0.125 

Hatch-Papell  parameter, 

(b) Corrected coolant-weight-flow ratio, w f i  = 0.03. 

Figure 12. - Effect of nozzle  pressure  ratio on cooling characteristics 
of plug surface with coolant  slot  at x/L = 0.50. Shroud length-to- 
diameter  ratio, x/d = -0.235; effective coolant flow-area  ratio, 
(Ac/Ap)eff = 0.028. 
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p7/p0 

Nozzle  pres- 
sure  ratio, 

0 11.0 
0 7.2 

/- 11.0 A 4.0 
0 3.1  

/ -  I ! r  3.1 - Equation (21 

0.125 
Hatch-Papell parameter, 

(c) Corrected coolant-weight-flow ratio, w f i =  0.04. 

Figure  12. - Concluded. 
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Corrected  coolant- 
weight-flow ratio, 

WJ; 

0 0.021 
0 .030 
A .040 
0 .046 

Equation (2) 
02 1 

(a)  Nozzle  pressure ratio,  P7/po = 11. 

WJ; 

0 0.011 
0 .021 
A .030 

r 0.047 0 .039 

I ' r .039  D .047 
I I r . 0 3 0  

WJ; 

I l l  f- .021 Equation (2) 
1 

. 8  

. 6  

. 4  

. 2  

.1 
. O l  .02 .04 .06 . 1  . 2  . 4  . 6  1 2 4 

(b) Nozzle  pressure  ratio, P7/po = 4. 

Figure 13. - Effect of corrected coolant flow-area  ratio on cooling 
characteristics of plug  surface  with  coolant slot at x/L = 0.50. 
Shroud length-to-diameter ratio, x/d = -0.235;  effective coolant 
flow-area  ratio, (Ac/Ap)eff = 0.028. 
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c 

1 
.8 
. 6  

. 4  

.2 

.1 

Corrected coolant- 
weight-flow ratio, 

WJ; 

0 0.020 
0 .030 
a .041 
0 .046 

W d7 

,- 0.046 

r.041 
- Equation (2) 

I I  
I I  

I 
r.  030 

r .020 

.Ol  .02 .04 .06 .1 .2 .4 . 6  1 2 4 

0.125 
Hatch-Papell parameter, 

L 

(c) Nozzle  pressure  ratio, P7/po = 3. 

Figure 13. - Concluded. 
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c 

~ 7 / ~ 0 ;  wJ; 0 Experimental  data 

,- 23.7;  0.034 - Equation (2) 
I r12. 1; 0.034 

I 1  
I 1  8.6; 0.035 

1 
.8 

. 6  

. 4  

.2 

.1 
.01  .02 .04 .06 . 1  . 2  . 4  . 6  1 2 4 

0.125 
Hatch-Papell  parameter, 

Figure 14. - Comparison of experimental  data  with  Hatch-Papell 
film-cooling  correlation  for plug surface  with  coolant  slot  at 
x/L = 0.50. Shroud length-to-diameter  ratio, x/d = 0.215; 
effective  coolant  flow-area  ratio, (Ac/A )eff = 0.028; corrected 
coolant-weight-flow  ratio,  0.010 5 w-$ 5 0.050; nozzle  pres- 
sure ratio, 8 - -= P7/po 5 24. 
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c 
2 
0 c 
W 
0 
.r( 

gj 
.5 
M 
4 
0 
0 u 

~ 7 / ~ 0 ;  w J; 
30.5; 0.046 

o Experimental data 
Equation (2) 

r 
I 

I 
I I r9.6;  0.032 

29.8;  0.033 

I .  

.Ol .02 .04 . 0 6   . 1  . 2  . 4  . 6  1 2 4 

0.125 
Hatch-Papell parameter, 

C 

I 

Figure 15. - Comparison of experimental data with Hatch-Papell film- 
cooling  correlation  for plug surface with coolant slot at x/L = 0.50. 
Shroud length-to-diameter ratio, x/d = 0.618;  effective coolant flow- 
area  ratio, (Ac/A )eff = 0.028;  corrected coolant-weight-flow ratio, 
0.03 5 0 4  5 0.85;  nozzle  pressure  ratio, 9 5 P7/po 5 30. 
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0 Experimental  data 
Equation (2) 

/ 
/- 11.0;  0.021 

, r 7.3; 0.020 1 

/ ' r 4 . 0 :  0.021 
2.9; 0.030 1 I '  ' 

, / I  / /r  2.9; 0.020 
4.0; 0.030 11 1 ' i l  

7.1; 0.030 1 / l/lr-2.0; 0.020 
I " 1 ' 1  I1 

10.8; 0.0307 , !\ 1 I ,  I /  

(a) (Ac/Ap)eff = 0.028; 0.010 5 W& 5 0.050; 2 5 P7/po 5 11. 

~ 7 / ~ 0 ;  wJ; 

r 10.6; 0.030 
I ,-7.5; 0.030 
I 1 r 4 .0 ;  0.030 
! I I r 3 . 0 :  0.030 

1 
.a 
.6  

. 4  

.2 

.1 
.01 .02 .04 .06 .1 . 2  . 4  . 6  1 2 4 

0.125 
Hatch-Papell  parameter, 

(b) (Ac/Ap)eff = 0.0168: 0.010 =w-& 50.030; 3 5 P7/po5 11. 

Figure 16. - Effect of coolant  slot area on  cooling  efficiency for plug 
surface with  coolant  slot at x/L = 0.50, for  various  values of 
effective  coolant  flow-area  ratio, (Ac/Ap)eff; corrected coolant- 
weight-flow ratio, w f i ,  and nozzle pressure  ratio, P7/po. 
Shroud  length-to-diameter  ratio,  x/d = -0.235. 
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c 

1 
. 8  

.6 

. 4  

.2 

.1 
.01 .02 .04 .06 . 1 . 2  . 4  .6 1 2 4 

Hatch-Papell parameter, r;;;; -....]E) 0.125 (5) 
(c) (Ac/A ) = 0.0117; 0.15 W J T  50.03; 3 _C P7/po 5 13. 

7 

P 

Figure 16. - Concluded. 
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0 Experimental  data 
Equation (2) 

p 7 / ~ 0 ;  wJ? 

r 30.5; 0.046 

I 
I r 29.8;  0.033 

I I r 9.6; 0.032 
1 

. 8  

. 6  

. 4  

. 2  

.1 

p 7 / ~ 0 ;  w J .  

r19.3;   0 .027 ', 14.3; 0.027 
)I- 11.2;  0.027 
'!I r 8. 3; 0.027 'I 

1 
. 8  

. 6  

. 4  

. 2  

. 1  
.01 .02   .04   -06  

Hatch-Papell  parameter, 

1 .2 . 4  . 6  1 2 4 

0.02 5 w f i s  0.05; 8 _<P7/po 520. 

Figure 17. - Effect of coolant  slot area on  cooling  efficiency for plug 
surface with  coolant  plot  at x/L = 0.50, for  various  values of 
effective  coolant  flow-area  ratio, (Ac/A ) ; corrected coolant- 

weight-flow ratio, w f i ;  and nozzle pressure  ratio, P7/po. 
Shroud  length-to-diameter  ratio,  x/d = 0.618. 

P eff 
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0 Experimental data 
Equation (2) 

p 7 / ~ 0 ;  W+ 

y18.7; 0.018 
l,-15.0; 0 .1  
! ~ r  12.2; 0.018 

.01  .02 .04 .06 . 1  . 2  . 4  . 6  1 2 4 

Hatch-Papell  parameter, 

(c) (Ac/Ap)eff = 0.0117; 0.010 < w & I  0.030; 7 I P7/po < 19. 

Figure  17. - Concluded. 
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Corrected  coolant-  Nozzle  pres- 
weight-flow ratio,  sure  ratio, 

4 p7/p0 

0 0.011 28.7 
0 . 0 3 3  29.8 
A . 0 12 9.4 

0 .032 9.6 

Flagged  data  measured  downstream of 
plug support  strut 

.5 .6  . 7  . 8  .9  1.0 
Axial  distance  from  primary  nozzle, x/L 

Figure 18. - Effect of plug struts on  cooling  characteristics of 
plug nozzle  with  coolant  slot  at x/L = 0.50. Shroud length- 
to-diameter  ratio,  x/d = 0.618; effectivecoolant  flow-area ra- 
tio, (Ac/Ap)eff = 0.028. 

Corr  ected c oolant-  Nozzle pres- 
weight-flow ratio, sure  ratio, 

WJ; p7/p0 

0 0.018 18.7 

0 .029 18.4 
A .018 8.3 

0 .029 7 . 9  

Flagged  data  measured  downstream of 
coolant  slot  tab  and plug support  strut 

1. 

Axial  distance  from  primary  nozzle,  x/L 

Figure 19. - Effect of coolant slot  tabs on  cooling characteristics 
of plug nozzle  with  coolant  slot a t  x/L = 0.50. Shroud  length- 
to-diameter  ratio,  x/d = 0.618; effective  coolant  flow-area 
ratio, (Ac/Ap)eff = 0.0117. 



Shroud length-to- 
diameter  ratio, 

x/d 

0 0.618 Effective coolant 
0 .215 flow -area ratio, 
11 -.235 

(Ac/Ap)eff 
4 

3 

2 

1 

0 
.015 .020 .025 -030 .035  .040  .045 .050 .055 

Corrected  coolant-weight-flow ratio, w& 

Figure 20. - Pumping characteristics  for full-length 
plug with coolant slot at x/L = 0.10. 
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I 
i 

t 
:i I 
7 T 

T 

1 
I 
-I 

(a)  Shroud  length-to-diameter  ratio,  x/d = -0.235. 

, 
3 r 

(b) Shroud  length-to-diameter  ratio,  x/d = 0.215. 

.I 

.6 

.5 

. 3  

. 2  

. 1  

0 
-.l 0 . 1  . 2  .3 . 4  

? 
! 

1 
1:. 

I 

I 
I 

. 8  . 9  1.0 
Axial  distance  from  primary  nozzle, x/L 

( c )  Shroud  length-lo-diarneler  ratio,  x/d = 0. 618. 

Figure 21. - Plug  pressure  distribulions with  coolant  slot  at x:L= 0. 10. 
Eflective  coolant  flow-area  ratio, (A,/Ap)elf = 0.026. 
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Figure 22. - Comparison of experimental  data with Hatch-Papell  film- 
cooling  correlation  for plug surface with  coolant  slot at x/L = 0.10. 
Shroud  length-to-diameter  ratio,  x/d = -0.235;  effective  coolant  flow- 
area ratio, (Ac/A ) = 0.026; corrected  coolant-weight-flow  ratio, 

0.020 5 w f i  5 0.050; nozzle  pressure  ratio, 3 5 P,/po 5 13. 
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Figure 23. - Effect of nozzle  pressure  ratio on cooling characteristics 
of plug surface with coolant slot at x/L = 0.10. Shroud length-to- 
diameter  ratio,  x/d = -0.235; effective coolant flow-area  ratio, 
(A,/Ap) = 0.026. 
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Figure 23. - Concluded. 
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Figure 24. - Effect of corrected  coolant-weight-flow  ratio on 
cooling  characteristics of plug surface  with  coolant  slot  at 
x/L = 0.10.  Shroud  length-to-diameter  ratio,  x/d = -0.235; 
effective  coolant  flow-area  ratio, (Ac/A ) = 0.026. 
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Figure 25. - Cooling efficiency along plug surface 
with coolant slot at x/L = 0.10. Shroud length- 
to-diameter  ratio,  x/d = -0.235; effective coolant 
flow-area  ratio, (Ac/Ap)eff = 0.026. 
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Figure 26. - Comparison of experimental  data  with  Hatch-Papell  film- 
cooling correlation  for plug surface  with  coolant  slot  at  x/L = 0.10. 
Shroud  length-to-diameter  ratio,  x/d = 0.215; effective  coolant  flow- 
area ratio, (Ac/A ) = 0.026; corrected  coolant-weight-flow  ratio, 

0.020 I w$ I 0.050; nozzle  pressure  ratio, 8 I P7/po 5 21. 
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Figure 27. - Comparison of experimental  data  with  Hatch-Papell  film- 
cooling  correlation  for plug surface  with  coolant  slot at x/L = 0.10. 
Shroud  length-to-diameter  ratio,  x/d = 0.618; effective  coolant  flow- 
area  ratio, (Ac/A ) = 0.026;  corrected  coolant-weight-flow  ratio, 

0.020 1. w - J ;  I 0.050; nozzle  pressure  ratio, 8 < P7/po 1 2 0 .  
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(b) Nozzle  pressure ratio, P7/po = 19. 

Figure 28. - Effect of corrected coolant-weight-flow ratio on cooling 
characteristics of plug surface with coolant slot at x/L = 0.10.  
Shroud length-to-diameter ratio,  x/d = 0.215; effective coolant- 
flow-area  ratio, (Ac/A ) = 0.026. 
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Figure 29. - Cooling  efficiency  along  plug surface with 
coolant  slot  at x/L = 0.10.  Shroud  length-to- 
diameter  ratio, x/d = 0.215; effective  coolant  flow- 
area  ratio, (A,/AJeff = 0.026. 
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Figure 30. - Effect of corrected coolant-weight-flow ratio on cooling 
characteristics of plug surface with coolant slot at x/L = 0.10. 
Shroud length-to-diameter ratio, x/d = 0.618;  effective coolant- 
flow-area ratio, (Ac/$) = 0.026. 
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Figure 31. - Cooling  efficiency  along  plug surface 
with  coolant  slot  at  x/L = 0. 10. Shroud  length-to- 
diameter  ratio,  x/d = 0. 618; effective  coolant  flow- 
area ratio, (Ac/Ap)eff = 0.026. 
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Figure 32. - Effect of coolant slot  area on cooling  efficiency  for plug 
surface with coolant slot at x/L = 0.10, for  various  values of 
effective coolant  flow-area  ratio, (Ac/%) ; corrected coolant- 

weight-flow ratio, w f i ;  and nozzle  pressure  ratio, P7/po. Shroud 
length-to-diameter  ratio,  x/d = -0.235. 
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Figure 33. - Effect of coolant  slot area on  cooling  efficiency for  plug 
surface with  coolant  slot at x/L = 0.10, for  various  valuesof  effec- 
tive  coolant  flow-area  ratio, (Ac/A ) ; corrected  coolant-weight- 

flow ratio, ut/;; and  nozzle pressure  ratio,  P7/po. Shroud  length- 
to  diameter  ratio,  x/d = 0.618. 
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Figure 34. - Effect of plug struts  on  cooling  characteristics of plug surface  with  coolant  slot  at x/L = 

0.10. Shroud  length-to-diameter  ratio, x/d = 0.618;  effective  coolant  flow-area  ratio, ( A ~ / A ~ ) ~ ~ ~  = 0.026. 
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Figure 35. - Effect of coolant slot  spacer  tabs on 
cooling characteristics of plug surface  with  coolant 
slot  at  x/L = 0 .10 .  Shroud length-to-diameter 
ratio,  x/d = 0.618; effective  coolant  flow-area 
ratio, (Ac/AJeff = 0.0146; nozzle  pressure  ratio, 
P7/po = 18.5.  
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Figure 36. - Pumping characteristics  for full-length 
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Figure 37. - Plug pressure distributions with  coolant 5101 a1 x/L = -0.10. 
Effectlve  coolanl l l w - a r e a  ratio, (AciAp)elf = 0.0295. 
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Figure 38. - Comparison of experimental data with Hatch-Papell film- 
cooling correlation  for plug surface with coolant slot at x/L = -0.10. 
Shroud length-to-diameter ratio,  x/d = -0.235; effective coolant flow- 
area  ratio, (Ac/A ) = 0.0295;  corrected coolant-weight-flow ratio, 

0.02 I w f i  I O .  06; nozzle  pressure  ratio, 3 P7/po 10. 
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(b) Nozzle  pressure  ratio, P7/po = 3.  

Figure 40. - Effect of corrected coolant-weight-flow ratio on cooling 
characteristics of plug surEace with coolant slot at x/L = -0.10. 
Shroud length-to-diameter ratio,  x/d = -0.235; effective coolant flow- 
area  ratio, (Ac/%) = 0.0295. - eff 
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Figure 41. - Cooling  efficiency  along  plug  surface  with  coolant  slot  at 
x;L = -0. 10. Shroud  length-to-diameter  ratio, x/d = -0.235;  effec- 
tive  coolant  flow-area  ratio, (AC,.'Apjeff = 0. 0295. 
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Figure 42. - Comparison of experimental  data  with  Hatch-Papell  film- 
cooling correlation  for plug surface with  coolant  slot  at  x/L = -0.10. 
Shroud  length-to-diameter  ratio,  x/d = 0.215;  effective  coolant  flow- 
area  ratio, (Ac/A ) = 0.0295; corrected  coolant-weight-flow  ratio, 

0.02 wJ'; 2 0.060; nozzle  pressure  ratio,  5 5 P, /poL  19. 
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Figure 43. - Comparison of experimental  data  with  Hatch-Papell  film- 
cooling  correlation  for plug surface with  coolant  slot  at  x/L = -0.10. 
Shroud  length-to-diameter  ratio,  x/d = 0.618; effective  coolant-flow- 
area  ratio, (Ac/Ap) = 0.0295; corrected coolant-weight-flow ratio, 

0 . 0 2 s  w& I O .  06; nozzle pressure  ratio,  5 2 P7/po 5 18. 
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Figure 44. - Cooling  efficiency  along  plug  surface  with  coolant  slot  at 
x/L = -0. 10. Shroud  length-to-diameter  ratio, x/d = 0.215; effective 
coolant  flow-area  ratio, (Ac/Ap)eff = 0.0295. 
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Figure 45. - Cooling efficiency along plug surface with coolant slot at 
x/L = -0. 10. Shroud length-to-diameter ratio,  x/d = 0. 618; effective 
coolant flow-area  ratio, (Ac/Ap)eff = 0.0295. 
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Figure 46. - Effect of coolant  slot a rea  on cooling  efficiency for  plug 
surface  with  coolant  slot  at x/L = -0.10, for  various  values of effec- 
tive  coolant  flow-area  ratio, (Ac/A ) ; corrected coolant-weight- 

flow ratio, wf i ;  and  nozzle  pressure  ratio,  P7/po. Shroud  length- 
to-diameter  ratio,  x/d = -0.235. 
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Figure 47. - Effect of coolant  slot area on  cooling  efficiency for  plug 
surface  with  coolant  slot  at  x/L = -0.10, for  various  values of effec- 
tive  coolant  flow-area  ratio, (A;/%) ; corrected  coolant-weight- 

flow  ratio, .wJ; and  nozzle  pressure  ratio,  P7/po.  Shroud  length- 
to-diameter  ratio,  x/d = 0.618. 
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effective  coolant  flow-area  ratio, (Ac 'ApIeff =. 0.0295. 
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Figure 49. - Pumping  characteristics  for plug  nozzle  operating  with  full- 
length  shroud.  Effective  secondary-flow-area  ratio, (As/AJeff = 0.230. 

.25 

.20 

.15 

.10 

.05 
-I- 
f i  
m (a)  Corrected  secondary-weight-flow  ratio, w f i  = 0.02. 
G 
aJ 

rn 5 
m 
aJ 
f i  a 

--A 

"0  

Nozzle pressure 
ratio, 

p7/p0 

0 15.7 
0 10.5 
A 5.0 

Solid  symbols  denote  po/P7 

p7/p0 
0 15.4 
0 10.1 
A 5.0 

Solid symbols  denote 

p0/p7 

0 .1 . 2   . 3  .4 . 5  . 6  . ' t  . 8  .9 1.0 
Axial  distance  from  primary  nozzle, x/L 

(b) Corrected  secondary-weight-flow  ratio, w f i =  0.05. 

Figure 50. - Pressure  distribution with  shroud  cooling. 
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Figure 51. - Comparison of experimental  data  with  Hatch-Papell  film- 
cooling correlation  for  shroud of a plug nozzle.  Effective  secondary 
flow-area  ratio, (As/A ) = 0.230; corrected  secondary-weight- 

flow ratio, 0.02 I W J T L  0.10; nozzle  pressure  ratio, 
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Figure 52. - Effect of nozzle  pressure  ratio  on cooling characteristics 
of shroud of plug nozzle  (uninsulated). 
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Figure 52. - Concluded. 
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Figure 53. - Effect of corrected secondary-weight-flow ratio on cooling 
characteristics of shroud of a plug nozzle (uninsulated). 
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